Laboratory and field experiments were conducted to investigate the bioefficacy of sweet flag (Acorus calamus) against the pulse beetle Callosobruchus chinensis, which infests stored chick pea seeds. Dried powders of the leaf and rhizome as well as their extracts in methanol (ME) and petroleum ether (PEE) were evaluated as bio-insecticides against the beetle. Rhizome powder (5 mg/g seed) was found to be more efficacious, causing 100% mortality, than leaf powder (20 mg/g seed), showing 91.1% mortality. Rhizome powders also showed 100% ovicidal activity and thus completely inhibited F 1 emergence at a lower dose than that of leaf powders. The ME and PEE of leaves and rhizome showed 12 to 100% mortality. The percentage of egg laying decreased from 12.8 to 100 with increasing doses of powders and extracts. No F 1 adult emerged at 0.3-0.4 mg/g ME of leaves and rhizome and PEE of rhizome. In six-month field trials, all treatments at laboratory doses proved efficacious (75-98%) over organophosphate insecticide malathion (74.4%) in terms of feeding deterrence. Powder-and extract-treated chick pea seeds did not lose their viability and germinated at 100%, similar to control seeds. It was concluded that leaf and rhizome powders and their solvent extracts showed significant mortality, and inhibition of egg laying and F 1 emergence of C. chinensis at varying concentrations. Hence, the leaves and rhizome of A. calamus may be recommended as admixtures in the integrated management of beetle infestation of pulse seeds during storage.
INTRODUCTION
The pulse beetle, Callosobruchus chinensis L. (Coleoptera: Bruchidae) is the most widespread and destructive primary insect pest of stored legumes (Park et al., 2003) . This insect has been reported in the Philippines, Japan, Indonesia and the Indian sub-continent and is considered a notorious pest of chickpea, black gram, peas, cowpea, lentil and pigeon pea (Aslam et al., 2002) . Control of this insect population throughout the world has relied principally on the application of synthetic insecticides, viz. organophosphates and fumigants such as methyl bromide and phosphine, which are still the most effective means of protection of stored food and other agricultural commodities from insect infestation (EPA, 2001) . Although effective, such synthetic pesticides cause conse-quently residual pollution of the environment and toxicity to consumers. Their repeated use for decades has disrupted biological control by natural enemies and has led to the resurgence of stored product insect pests. Many of these stored product insects have developed resistance to the commonly used chemicals (Subramanyam and Hagstrum, 1995; Srivastava and Singh, 2002) . These problems have highlighted the need to develop insect control alternatives.
Many medicinal plants and spices have been used as pest control agents (Lale, 1992; Isman, 1995) . Farmers and researchers often claim the successful use of plant materials in insect pest control, including ash (Ofuya, 1986; Ajayi et al., 1987) , vegetable oils (Schoovoven, 1978) , plant extracts (Talukdar and Howse, 1993; Adedire and Lajide, 1999) , and botanical powders (Abdullahi and Efficacy of Acorus calamus L. leaves and rhizome on mortality and reproduction of Callosobruchus chinensis L. (Coleoptera: Bruchidae) Muhammad, 2004; Shukla et al., 2007) . It has been reported that certain plant preparations and traditional methods are much safer than chemical insecticides (Verma and Dubey, 1999; Weaver and Subramanyam, 2000) ; therefore, these materials should be explored to protect stored products against pest infestation.
Acorus calamus L. (Araceae), commonly known as "sweet flag", is a well-known ethnomedicinal and ethnobotanical plant worldwide. Acorus rhizome possesses a wide range of pharmacological activities, such as sedative, central nervous system depressant, behavior modifying, anticonvulsant, memory enhancing, anti-inflammatory, antioxidant, antispasmodic, cardiovascular, hypolipidemic, and immunosuppressive (Mukherjee et al., 2007) . Although the insecticidal activity of A. calamus against C. chinensis and other stored coleopterans has been reported previously (El-Nahal et al., 1989; Risha et al., 1990; Kim et al., 2003; Nandi et al., 2008) , the investigation of field application of Acorus extracts in the management of stored insect pests is lacking.
The present study aimed to protect stored chickpea seeds from C. chinensis infestation under laboratory and field conditions using leaf and rhizome powders of A. calamus, as well as their extracts in methanol and petroleum ether.
MATERIALS AND METHODS
Insect culture. C. chinensis adults were obtained from naturally infested chickpea seeds from a local market in Varanasi, India. The beetles were reared on clean and uninfested chickpea (Cicer arietinum L. var. Radha). Two hundred adult insects were released in 500 g chickpea seeds in a Kilner jar capped with muslin cloth to ensure ventilation. The jar was kept under controlled temperature (30Ϯ2°C) and relative humidity (70Ϯ5%). After 48 h, the adults were removed and the jar was left for 25 days to obtain adult beetles for the experiment. Two hundred beetles were placed in a separate Kilner jar containing 1 kg fresh chick pea seeds. After 24 h, the beetles were removed and egg-laid seeds (each with two eggs) were used for ovicidal experiments.
Preparation of plant powders and extracts. The leaves and rhizomes of A. calamus were collected in July from the botanical garden of Banaras Hindu University, India. They were cut into small pieces, dried in the shade and pulverized into fine powder using an electric grinder (Maharaja Whiteline, India). Two sets of 100 g powdered rhizome and leaves were prepared. The first set of rhizome and leaves was soaked separately in 500 ml methanol (S D Fine Chem. Ltd., Mumbai) for 24 h in round-bottom flasks. The second set was similarly soaked in 500 ml petroleum ether (Labort Fine Chem. Pvt Ltd., Surat). The solutions were percolated through Whatman no. 1 filter paper after heat reflux (60°C) for 30 min on a heating mantle. The resulting filtrates were evaporated to dryness under reduced pressure and the residue was subjected for further testing. The yield of the residue of methanol extracts (ME) of leaf (0.7%) and rhizome (0.67%); and of petroleum ether extract (PEE) of leaf (0.56%) and rhizome (0.51%) was calculated using the following formula:
ϭ(weight of dry residue/dry weight of plant powder)ϫ100
Effect of powders on mortality, oviposition and F 1 emergence. Fine powders of leaves and rhizome were evaluated at doses of 0 (control), 5, 10, 15, and 20 mg/g chickpea seeds (0-2% w/w) in separate transparent plastic containers (150 ml). The required amount of powder was mixed thoroughly with 20 g chickpea seeds. Ten pairs of 0-48-h-old adults were released into each container and the containers were capped. The number of dead beetles was recorded after 24 h of treatment. Mortality was considered when the beetle did not respond to gentle pressure using a finger tip. To avoid the possibility of death mimicry, the beetles were watched for 60 min and again subjected to gentle pressure. Percentage insect mortality was calculated using the corrected formula of Abbott (1925) . The total number of eggs laid on the seed surface was recorded after 5 days of treatment. Percent deterrence of oviposition was calculated following Elhag (2000) .
To determine the ovicidal efficacy of plant powders, 20 g seeds (each with two eggs) were placed in separate plastic boxes (150 ml) and treated with the above doses of leaf and rhizome powders. After 25 days, the number of emerged F 1 was recorded and percent deterrence was calculated.
Effect of leaf and rhizome extracts on mortal-ity, oviposition and F 1 emergence. Two, 4, 6 and 8 mg of dried residue (ME/PEE) of leaves as well as rhizome were redissolved in 1 ml methanol and petroleum ether separately. Thereafter, 1 ml solution was uniformly coated onto 20 g chickpea seeds with a glass rod in transparent plastic containers (150 ml), making a final extract dose of 0.1, 0.2, 0.3 and 0.4 mg/g/seed. Seeds were air-dried for 1 h to evaporate the solvent. Seeds treated with only 1 ml methanol or petroleum ether were kept as control sets. Ten pairs of 0-48-h-old adult bruchids were introduced to each treatment and control. Percent mortality and oviposition deterrence were calculated after 24 h and 5 days, respectively. Twenty grams of seeds (each with two eggs) were coated separately with a given concentration of ME and PEE in plastic boxes (150 ml). Percent deterrence of F 1 emergence was calculated after 25 days. Field experiment. This was performed with a similar variety of chick pea in an open-walled shed protected from direct sunlight. Jute bags were filled with 15 kg seed and treated separately with rhizome and leaf powder of A. calamus at doses of 5 and 20 mg/g (0.5, 2.0% w/w), respectively. Six grams of dry residue (ME/PEE) of leaves as well as rhizomes of the plant were dissolved in 500 ml of their corresponding solvents and mixed thoroughly with 15 kg chick peas using a hand sprayer to obtain the required dose of 0.4 mg/g seed. All jute bags were infested separately with 100 g of previously infested chick peas. Two control sets were prepared; one with malathion, an organophosphate insecticide (20 mg/g) and the other without any treatment. The level of insect infestation and grain damage was monitored after six months by quantifying the feeding-deterrence index (Isman et al., 1990) as:
where C is the weight loss of control seeds and T the weight loss of treated seeds.
Seed germination test. The germination of chickpea seeds, treated with either powder or extract, was tested after six-month storage in different jute bags during field experiments. Twenty uninfested seeds were taken from each treated group and soaked in water for 3 h. Thereafter, seeds were placed between two moist filter papers in Petri dishes (15 cm) and incubated at 25°C. Twenty uninfested and untreated seeds stored for six months were taken as controls for comparison. The number of seeds that germinated within a week was recorded as viable.
Statistical analysis. All experiments were performed in triplicate and data are the meanϮSD. Data were subjected to one-way ANOVA. Means were separated by Tukey's multiple range tests when ANOVA was significant (pϽ0.001) (SPSS 10.0; Chicago, IL, USA).
RESULTS
The data presented in Table 1 indicate that powders of leaves and rhizome were significantly effective with respect to mortality, reduction in oviposition and progeny production of C. chinensis. Rhizome powder of A. calamus was found to be more effective than leaf powder because all doses (5-20 mg/g) caused 100% mortality of the bruchids. A significantly higher number of eggs were laid on untreated control seeds than on powder-treated seeds (Fϭ599 leaf, Fϭ1523.8 rhizome; pϽ0.001). Oviposition deterrence was recorded as 96.8 and 91.1% in seeds treated with 20 mg/g rhizome and leaf powder, respectively. Ovicidal activity was recorded as 100% at 5 and 15 mg/g rhizome and leaf powder, respectively, which caused none of the F 1 adults to emerge.
The number of dead insects varied with different concentrations of ME leaf and rhizome ( Table 2) . The bruchids were more susceptible to ME leaf than ME rhizome. None of the insects was alive at 0.4 mg/g of ME leaf whereas a similar dose allowed only 1.3 mean insects to survive the ME rhizome. A reduction in the mean number of eggs laid by C. chinensis was observed when the dose of the leaf and rhizome extract increased. Complete inhibition of oviposition was recorded at 0.4 mg/g ME leaf while a similar dose of ME rhizome inhibited 95.5% oviposition. A significant reduction (Fϭ 144.5 leaf, Fϭ65.5 rhizome; pϽ0.001) was found in F 1 adult emergence in treated seeds (0-18) compared with the control (29). No F 1 emerged at ME concentrations of 0.3 mg/g and up.
The impact of leaf and rhizome PEE on the mortality and reproduction of C. chinensis is shown in Table 3 . Rhizome PEE was more toxic to bruchids than leaf PEE at all doses. The mean number of eggs laid decreased from 111.6 to 12.3 with the increase in concentration of leaf and rhizome PEE.
Rhizome PEE at 0.3 and 0.4 mg/g showed absolute ovicidal activity and prevented F 1 emergence completely; however, other doses of leaf and rhizome PEE were also more effective at reducing progeny production than the control.
After six months of storage in jute bags, powders and extracts of A. calamus were found to be significantly effective over the control and malathion treatment in reducing bruchid infestations (Table 4) . Leaf and rhizome powders were found to be more efficacious (96-98%) at their doses than malathion (74.4%) in terms of feeding deterrence. Extracts were also effective (75-80%) at a low dose of only 0.4 mg/g. Treated chick pea seeds did not lose their viability even after six months of treatment; 100% germination was observed in all treated groups of seeds. No difference was found in the average length of the radicle and plumule of seeds treated with powders and extracts of leaf and rhizome when compared to control seeds. 244 R. SHUKLA et al. 
Each data point in parentheses represents the mean of three replicatesϮSD for the number of insects alive, eggs laid and F 1 emerged respectively. Means followed by the same letter in the same column are not significantly different according to ANOVA and Tukey's multiple comparison tests. Each data point in parentheses represents the mean of three replicatesϮSD for the number of insects alive, eggs laid and F 1 emerged respectively. Means followed by the same letter in the same column are not significantly different according to ANOVA and Tukey's multiple comparison tests.
DISCUSSION
The results unequivocally demonstrated the efficacy of leaves and rhizomes of A. calamus in reducing the longevity and deterring the oviposition of C. chinensis. Ovicidal activity of plant powders and extracts was also observed to decrease progeny production of C. chinensis on stored chickpea seeds. The dose at which rhizome powder proved fatal, causing 100% mortality and completely inhibiting F 1 emergence by ovicidal activity, was determined as 5 mg/g (0.5% w/w). This dose was relatively lower against bruchid infestation than powdered materials of Erigeron floribundus at 4% (Koona and Koona, 2006) , Tithonia diversifolia leaves at 5% (Adedire and Akinneye, 2004 ) and powders of clove, red and black pepper at 2.5% w/w (Aslam et al., 2002) . The aromatic nature of the plant powders suggests that it contains volatile constituents which are highly effective against insects; hence, it is imperative that the preparation is used immediately to avoid loss of volatility; however, at their respective doses, rhizome and leaf powders prevented bruchid feeding up to 98.2 and 96.7%, respectively, in farm storage in jute bags even after six-month treatment.
At 0.4 mg/g, the leaf extract in methanol caused 100% mortality and 100% inhibition of oviposition, whereas the leaf extract in petroleum ether caused only 69.9% and 86.7% mortality and oviposition deterrence, respectively. This means that active constituents of Acorus leaves are more extractable in methanol than in petroleum ether. On the other hand, for rhizome, extracts in both solvents did not show marked variation in the mortality of insects.
The insecticidal activity of A. calamus could be ascribed to the presence of its active constituents, such as sequestrine ketones, trans-or alphaasarone (2,4,5-trimethoxy-1-propenylbenzene) and beta-asarone (cis-isomer) (Poplawski et al., 2000; Lee et al., 2002) . Asian varieties of A. calamus contain varying amounts of beta-asarone and cause sedative effects when ingested, and also possess anti-gonadal activity against some insect species (Saxena et al., 1977; Schmidt and Brochers, 1981) . Monoterpene hydrocarbons, also an active component of sweet flag, are competitive inhibitors of 245 Insecticidal Activity of Acorus calamus acetylcholinesterases, which are neurotoxic to insects (Grundy and Still, 1985; Miyazawa et al., 1997) . The use of individual active components of A. calamus under field conditions would not be desirable because the insect may easily develop resistance. Hence, in the present investigation, powdered leaves and rhizomes of A. calamus and their extracts were used, which contain a mixture of different active constituents that prevent the insects from developing resistance. Insecticidal activity of A. calamus is well documented against a range of insect pests (El-Nahal et al., 1989; Schmidt and Streloke, 1994; Lee et al., 2002) ; however, previous researchers have paid attention only to Acorus rhizome and its essential oil, and papers on the use of Acorus leaf extracts are lacking. Essential oils can not be applied to control infestation of food commodities stored in jute bags due to gradual loss of volatility. The present study recommends the exploitation of leaves and rhizomes in extract preparations and powdered form as a more feasible control method for bruchids than essential oil. Products derived from A. calamus are used as pharmaceuticals worldwide and could therefore be considered less harmful to humans than most conventional insecticides, as could malathion, which showed the least activity of all treatments. Unaffected germination of treated seeds strengthens the non-phytotoxic nature of plant powders and their extracts even six months after application.
The findings of the present investigation based on laboratory and field trials can therefore recommend the potential exploitation of leaves and rhizomes of A. calamus as admixtures in pest management strategies, especially by small-scale farmers who store small amounts of grains/pulses for consumption and planting. The plant may merit further investigation to determine the exact mode of action of active ingredients and their effect on non-target organisms.
